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INTRODUCTION 1
In the past three decades experimental research using event-related potentials (ERPs) has 2 provided numerous insights into word, sentence and discourse comprehension. However, 3 as has been noted, "a cognitive neuroscience approach to language has not as yet merged 4 with linguistic and psycholinguistic research programmes" . One 5 linguistic research program that may contribute to understanding the basis of meaning in 6 the human brain is semantic theory. Logicians and formal semanticists since the 'dynamic (3) a. David had told the boy and the girl to clean up their room before lunch time. But use of the bare plural 'letters' indicates that the number of letters is (for the speaker and 137 the hearer) unspecified and that, therefore, the activity has no natural culmination point. 138 Accordingly, a narrative containing the activity VP 'writing letters' will be interpreted as 139 entailing that 'The girl has written one or more letters' regardless of the consequences of 140 the second event on the writing activity: 141 (7) The girl was writing letters when her friend spilled coffee on the tablecloth.
142
(8) The girl was writing letters when her friend spilled coffee on the paper. 143 There appears to be something paradoxical about (6) in its relation to (5), which is not 144 found in the pair (7)-(8). Whereas it belongs to the meaning of the accomplishment 'writing 145 a letter' that the writing activity is directed toward the goal state of a complete letter, the 146 actual occurrence of that consequent state can be denied without contradiction. How can 147 an essential component of the meaning be denied without destroying meaning itself? This 148 is the so-called 'imperfective paradox'. 149 1.3. Minimal models, inference in the limit, and recomputation. Language processing 150 amounts to incrementally computing a discourse representation given lexical, syntactic and 151 contextual constraints (Hagoort 2006) . To render computation tractable, discourse models 152 must be 'minimal', that is, in a precise mathematical sense (van Lambalgen & Hamm 2004) , 153 the simplest possible structures making the narrative true. Minimal models behave like 154 'closed worlds', in which only those propositions which are asserted in discourse, or which 155 can be inferred from it or from background knowledge, are represented as true in the model. 156 For the remaining cases, a distinction must be drawn. Propositions which are mentioned 8 GIOSUÈ BAGGIO, MICHIEL VAN LAMBALGEN, AND PETER HAGOORT As soon as the sentence 'The girl was writing a letter' is processed, the system constructs 167 a minimal model in which the goal state (a complete letter) is attained at some time later 168 than the interval referred to by the progressive. Two remarks concerning this crucial point 169 are in order. First, interpretation is based on the 'closed world assumption': if no disabling 170 condition is described in discourse (so far), it will be (temporarily) assumed that there is no 171 obstacle interfering with the writing activity. Second, the conclusion that eventually a letter 172 is accomplished is an instance of predictive inference or, more precisely, inference in the limit:
173
given that writing is asserted to hold some time in the past, that it can be assumed there are 174 no obstacles for the writing activity, that some form of inertia holds (writing continues if it 175 is not hindered by external forces), and that a letter is a finite object, it can be expected that 176 the process will converge -'in the limit' -to a complete letter. This holds for both neutral (5) 177 and disabled (6) accomplishments. Now, when the initial model is extended with a 'when' 178 clause describing an event which terminates the writing activity (i.e. a disabling condition), 179 the goal state inference will be suppressed. The subordinate clause 'when her friend spilled 180 coffee on the paper' will lead to the retrieval of causal knowledge from semantic memory 181 to the effect that the coffee accident terminated the writing activity. Spilling occurred during 182 the writing process, from which follows that the accident took place before a complete letter 183 was obtained. The writing event can be imagined as an open interval, where the goal state 184 (a complete letter) is no longer part of the structure. We shall use the term 'recomputation' 185 to refer to the suppression of the goal state inference when the subordinate clause in (6) is 186 processed. Because (5) describes a neutral scenario, the goal state derived while processing 187 the progressivized VP is maintained in the final model. In conclusion, whereas (5) involves 188 an extension of the initial discourse model, (6) might induce a recomputation. Since (7) and 189 (8) do not involve a canonical goal, they will require an extension only. 190 1.4. Predictions for ERPs. The only difference between neutral and disabled activities (e.g.
191
'writing letters') is the noun in the subordinate clause, 'tablecloth' or 'paper'. In both cases 192 the initial model is simply extended, thus we expect to observe only local ERP differences 193 related to the integration of the differing nouns. As 'tablecloth' is less semantically expected 194 in the context of the other lexical items occurring in the sentence compared to 'paper', we 195 expect a larger N400 for the former compared to the latter word.
Processing a 'when' clause following an accomplishment (e.g. 'writing a letter') involves 197 integrating the differing nouns and, in the disabling case, recomputing the initial discourse 198 representation. Also in this case, the neutral noun 'tablecloth' is predicted to evoke a larger 199 N400 compared to the disabling 'paper', reflecting a lower degree of semantic relatedness 200 with the preceding context. In our ERP study Dutch materials were used, where the verb in 201 subordinate clauses occupies the sentence-final position (see 2.1). The temporal and causal 202 information provided by verbs in 'when' clauses is necessary to initiate the recomputation 203 process (Baggio & van Lambalgen 2007) . Thus, the ERP effects of what we have analyzed 204 as recomputation are expected to surface at the sentence-final verb 'spilled' ('morste' in our 205 Dutch stimuli, see 2.1 and Table 1 ).
206
One additional prediction is that the amplitude of the ERP effect evoked by disabled 207 accomplishments is correlated with the the frequency with which readers infer that the 208 goal state was not attained. Recomputation is expected to evoke an ERP shift in each trial 209 in which a negative judgment concerning the attainment of the goal is made. Therefore, 210 the larger the number of such inferences, that is, the larger the number of trials in which 211 recomputation occurred, the larger the amplitude of the ERP component. The method and 212 results of an ERP study in which these predictions were tested are described below. (Table 1) .
217
Target sentences were constructed by manipulating the aspectual class of the progressive 218 VP (activity or accomplishment) and the effects of the event introduced by the 'when' clause 219 (neutral or disabling) on the event described in the main progressive clause. All progressive 220 VPs were instances of the Dutch periphrastic 'was/waren NP aan het V inf ' construction.
221
This solution is to be preferred to the use of the Dutch simple past which, in some cases, 222 is aspectually ambiguous between perfective and imperfective readings. Accomplishments 'tafelkleed'. Neutral and disabling events were distinguished based on the experimenters' 227 judgment (but see 2.2.2 for some data supporting these choices). Probe pairs (E) were used 228 with activities and (F) with accomplishments.
229
Fillers were 160 sentences of varying length, structure and content. Analogously to test 230 items, fillers were preceded by two neutral context sentences and followed by a probe pair.
231
Target sentences described an event consistently, as in (9), or inconsistently, as in (10), with 232 factual knowledge (see Hagoort et al. (2004) for an experiment based on these stimuli): Four test versions were constructed, comprising randomized lists of test and filler items.
239
The task was identical for critical and filler sentences. Participants had to select the correct 240 probe based on the information provided by the context and target items. Mean length, raw 241 and lemma frequency of the differing nouns in the NP of subordinate clauses were matched 242 using the CELEX Dutch corpus (Baayen et al. 1996) . Mean length was 7.9 letters (SD=2.46) 243 for neutral and 7.75 (SD=2.79) for disabled cases, and was kept below 12 letters in any case. presented to a group of thirty-two native speakers of Dutch (mean age 22.5, 27 female).
253
Participants were requested to fill in the blank with the first word that came to their mind.
254
Four versions (40 items per condition), randomized and balanced across conditions, were 255 constructed. Mean cloze probabilities were not different between the conditions (all com-256 parisons using T -tests, P > 0.05) in each test version as well as in the entire set. 257 2.2.2. Entailment questionnaire. A paper-and-pencil judgment task was also administered.
258
Thirty six Dutch native speakers (mean age 22.5, 28 female) were presented with the context 259 followed by a target sentence and a probe pair. The task was to select the appropriate probe.
260
Negative probes were more frequently chosen for disabled accomplishments than for the 261 other conditions. Neutral activities (S1) (see Table 1 ) showed the lowest mean of negative button respectively, and was counterbalanced across test versions. In this way, participants 287 could not prepare their motor response before the probe pair was presented on the screen.
288
The experiment took about 2 hours and was divided into 24 blocks of 10 trials each. FCz, FC2, FC6, T7, C3, Cz, C4, T8, CP5, CE, CF, CP6, P7, P3, Pz, P4, P8, O1, O2. Two 294 additional electrodes were placed on the left and right mastoids, the former serving as the 295 reference during the measurement. All EEG and EOG electrodes were re-referenced off-296 line to a linked mastoid. EEG electrodes were attached to an elastic cap, whereas EOG 297 and reference electrodes were applied using two-sided adhesive decals external to the cap.
298
Electrode impedance was kept below 5 kΩ throughout the experiment. The EEG/EOG was 299 amplified by a multichannel BrainAmp DC system, with a 500 Hz sampling rate, a low pass 300 filter set at 125 Hz and a 10 s time constant. 301 2.6. Data Analysis. Data analysis was conducted using FieldTrip, 1 a MATLAB package for 302 processing EEG signals. The following transforms were applied to each subject's dataset.
303
Segments corresponding to the noun and the sentence-final verb were extracted from the 304 EEG with an interval of 200 ms preceding and 800 ms following stimulus onset. Baseline 305 correction used the 200 ms interval preceding the onset of nouns, and the 100 ms interval 306 following the onset of sentence-final verbs. The latter choice was effected so as to prevent 307 ERP differences in the 400-600 ms interval following the onset of the nouns from biasing the 308 baseline correction for the ERPs evoked by sentence-final verbs in the same time interval.
309
The use of such a baseline seems acceptable on grounds that the expected recomputation 310 effect at the verb would not affect such largely exogenous components as the N1. Artifact 311 rejection was based on two FieldTrip functions: the first detects and rejects all trials that 312 contain activity exceeding a threshold of ±100 µV ; the second identifies and discards trials 313 1 For more information, see http://www2.ru.nl/fcdonders/fieldtrip/ contaminated with eye movements or blinks by means of thresholding the z-transformed 314 value of the raw data in the EOG channels, preprocessed using a band-pass filter of 1-15 Hz. Figure 3 displays the ERP topographies and waveforms elicited by accomplishments. Also 362 in this case, an N1-F complex can be observed. There is no difference between neutral and 363 disabling clauses, as no significant clusters between 0 and 300 ms were found (all contrasts, 364 P > 0.1). The amplitude of the N400 is again larger in neutral ('tafelkleed') than in disabling 365 ('papier') clauses (Figure 3b ). The effect lasts longer than the N400 observed in activities: 366 significant clusters with a central distribution were found between 300 and 600 ms ( Figure 3a) . No difference between conditions was found after 500 ms.
368
There is no overall difference between the two aspectual classes. Cluster-based T -tests (Table 3) . 377 Figure 5 displays the ERP topographies and waveforms elicited by accomplishments. No 378 difference between disabling and neutral clauses was observed in either the N1-F complex 379 or the N400: no significant clusters between 0 and 400 ms were found (all contrasts, P > 0.1).
380
While disabled and neutral activities do not result in any robust differential effect in later 381 time bins (400-800 ms, Table 3 , Figure 4 ), disabling verbs following accomplishments evoked 382 larger negative shifts compared to neutral verbs (Table 3, Figure 5 ). The effect emerges at 383 about 400 ms following the onset of sentence-final verb, lasts for approximately 400 ms, and 384 is larger over the more anterior scalp sites, in particular of the left hemisphere. Based on 385 its temporal profile and scalp distribution, we take this effect to be an instance of sustained 386 anterior negativity (SAN). The magnitude of the SAN effect is correlated with the frequency 387 of negative judgments in the response task (r = −0.415, T (22) = −2.140, P = 0.043; Figure 6 ): 388 the higher the number of negative responses, the larger the amplitude of the SAN.
389
No difference between the two aspectual classes was found. Cluster-based T -statistics 390 comparing mean ERP amplitudes in activities and accomplishments, again corresponding 391 to testing the main effect of Aspectual Class in a parametric model, produced no significant 392 clusters between 0 and 800 ms from noun onset (all contrasts, P > 0.1).
393

DISCUSSION
394
The ERP results reported above can be summarized as follows. The N400 elicited by nouns 395 is larger in neutral than in disabling clauses, following both activities and accomplishments.
396
This can be explained by the lower degree of semantic association with the preceding words 397 ('writing', 'letter' or 'letters') of the noun in neutral clauses ('tablecloth') compared to the 398 noun in disabling clauses ('paper'). On the basis of our processing model, we predicted 399 that disabled accomplishments would induce a different ERP response at the sentence-final 400 verb compared to neutral accomplishments. This corresponds to the difference between the 401 recomputation and the extension of the initial discourse model (see Section 1.3). The effect 402 was expected to be (i) absent in activities and (ii) correlated with the frequency with which participants infer that the goal state was not attained. These predictions were borne out.
404
Disabled activities did not modulate ERPs at the verb. Disabled accomplishments evoked 405 sustained anterior negativities (SANs). Moreover, a correlation of the SAN amplitude with 406 the frequency of negative judgments was observed. Taken together, these results seem to 407 offer some support for the recomputation hypothesis. Below we address a few alternative 408 explanations of the data and some related outstanding issues. the projected ratios being respectively 1/4 and 3/4 (see 3.1 for the actual behavioral data).
426
On this view, a modulation of the P3 component (Donchin 1981; Ruchkin et al. 1990 ) might 427 be expected, inversely correlated with the frequency of negative judgments given to (D): 428 the less frequent the negative responses, the larger the amplitude of the P3. However, in 429 our experiment no P3 response was observed and, moreover, the correlation was rather the leads to a complete letter, which is therefore part of the resulting discourse structure. As we 527 have hypothesized, such computation is defeasible, that is, the model can be recomputed if 528 further discourse information implies that the goal state is not satisfiable, as in (6). One may 529 ask whether the claim that the goal is part of a minimal model of the progressive clause is at 530 all tenable. A seemingly more plausible account would assume that an underspecified model, 531 in which it is left undecided whether the goal state is attained or not, is computed while the 532 progressive clause is processed, and a decision is made only at the subordinate clause.
533
The main problem with an underspecification-based account is that, while it is true that 534 the information provided by the progressive clause is insufficient for determining whether 535 the goal was attained (which would motivate the construction of an underspecified model 536 at that stage), it is not the case that sufficient information is contributed by the subordinate 537 clause. While disabling clauses provide evidence that the activity was terminated, and thus 538 license the inference that the goal was not attained, no evidence concerning the satisfaction 539 of the goal state is derivable from neutral clauses. This is a consequence of the well-known 540 'frame problem' (McCarthy & Hayes 1969) , which implies that it is impossible to enumerate 541 all the effects and non-effects of an event. For example, that 'spilling coffee on the tablecloth 542 does not affect the writing activity' (if that is the case) is not stored in declarative memory, 543 but must be inferred. This is an instance of 'closed world reasoning', which was described 544 above (see 1.3). In a 'closed world', it is assumed that no obstacle to attaining the goal state 545 occurred. Therefore, a letter was completed. The behavioral data reported above show that 546 subjects draw this inference or, equivalently, they are more likely to give positive responses 547 to neutral accomplishments. Processing models based on underspecification -or on parallel 548 processing, for that matter -would have to explain why that very same conclusion ('the girl 549 wrote a letter') is not drawn when the system is faced with the relevant input (the VP in the progressive), and is instead delayed until the end of the sentence, where critical information compared to neutral accomplishments. If the initial model is monotonically extended, as in 581 the neutral case (4), a number of units will be activated which were previously silent, while 582 the activation state of the remaining units, including those representing the goal state (the 583 complete letter), will remain unaltered. But if the initial minimal model is recomputed upon 584 encountering the subordinate clause in (6), units which were silent will be activated and the 585 activation patterns across some units which were previously active will be readjusted. For 586 instance, the units representing the goal state (the complete letter) will no longer be active.
587
In the neural network this is achieved by successive applications of perceptron learning. during working memory tasks (Durstewitz et al. 2000) . Recurrent networks thus suggest a 598 plausible mechanistic link between recomputation and sustained anterior negativities, and 599 in general between working memory processes and sustained anterior negativities (King & 600 Kutas 1995; Müller et al. 1997; Münte et al. 1998; Fiebach et al. 601 2002; Felser et al. 2003; Phillips et al. 2005) .
602
As we noted in the introduction, a cognitive neuroscience of language needs to bridge 603 the gap between psycholinguistic and formal models of specific aspects of language on the 604 one hand, and the neural architecture underlying neurophysiological measures on the other 605 hand. For a number of reasons (Poeppel & Embick 2005) this is a daunting task, which we 606 do not claim to have adequately solved. However, tentatively the following can be said.
607
There is no indication or proof that the sustained anterior negativity is a language-specific 608 ERP effect. Most likely, it reflects the recruitment of neurophysiological activity that might 609 be generated in prefrontal cortex, and is triggered by different cognitive operations which build upon working memory capacity. For this purpose, the prefrontal cortex is a plausible Aspectual Boxplot of the decision times. Conditions are represented on the abscissa (see Table 1 for the correspondences with the labels). Negative responses and decision times are plotted on the ordinate. The solid line within the boxes indicates the median, box height is equal to the interquartile range, whiskers represent adjacent values, and empty circles denote outliers.
The maximum of potential negative responses is 40. 
